Two-dimensional boron sheets (borophenes) have been successfully synthesized in experiments and are expected to exhibit intriguing transport properties such as the emergence of superconductivity and Dirac Fermions. However, quantitative understanding of intrinsic electrical transport of borophene has not been achieved. Here, we report a comprehensive firstprinciples study on electron-phonon driven intrinsic electrical resistivity () of emerging borophene structures. We find that the resistivity is highly dependent on the atomic structures and electron density of borophene. Low-temperature resistivity of borophene  exhibits a universal scaling behavior, which increases rapidly with temperature T ( T 4 ), while  increases linearly for a large temperature window T > 100 K. It is observed that this universal behavior of intrinsic resistivity is well described by Bloch-Grünesisen model. Different from graphene and conventional three-dimensional metals, the intrinsic resistivity of borophenes can be easily tuned by adjusting carrier densities while the Bloch-Grünesisen temperature is nearly fixed at ~100 K. Our work suggests monolayer boron can serve as an intriguing platform for realizing high-tunable two-dimensional electronic devices.
Introduction
The resistivity of metals originating from electron-phonon (e-ph) interactions (i.e. intrinsic resistivity or  e-ph ) is a fundamental quantity in condensed matter physics and materials science.
At finite temperatures, scattering of electrons by phonons is generally the dominant source of resistivity. In a typical three-dimensional metal with a large Fermi surface, the "intrinsic resistivity" is proportional to the temperature (T) at high temperatures, attributed to the bosonic nature of the phonons. [1] [2] [3] Below a critical point, the resistivity is expected to decrease more rapidly with the drop of temperature,  e-ph  T 5 . In a two dimensional (2D) conductor, lowtemperature  e-ph is proportional to T 4 due to the reduced dimensionality. The transition point between high-temperature and low-temperature regimes is determined by the Debye temperature ( D ). The  D is the typical temperature, upon which all phonons are excited to scatter carriers. 3 However, in systems with low-density electrons, the Fermi surface is much smaller than the size Boltzmann constant, respectively). [3] [4] [5] [6] The temperature  BG is much smaller than  D in lowdensity electron gases, and the low-temperature behavior of intrinsic resistivity is summarized as the Bloch-Grünesisen model 1, 2 .
As a semimetal with the largest known electrical conductivity, graphene provides a textbook example for transport properties in 2D systems. The intrinsic electrical resistivity of graphene arising from electron-phonon interactions has been explored both experimentally and theoretically. [5] [6] [7] Low-temperature  e-ph of graphene varies linearly with T 4 , while at high temperatures  e-ph is proportional to T. The transition point of these two distinct regimes is determined by the  BG temperature as the result of its point-like Fermi surface [8] [9] 6 However, the absolute value of  e-ph on the order of 1.0 *cm at room temperature, is not sensitive to the applied external carrier densities, which may limit its potential applications in highly-tunable nano devices.
Different from graphene, 2D boron sheets, namely borophenes, have a variety of polymorphs, which can be regarded as a triangular lattice with periodic vacancies [10] [11] [12] [13] [14] [15] [16] . Recently, several borophene phases have been synthesized on Ag surfaces, e.g., β 12 , χ 3 and triangle sheets [17] [18] [19] [20] . All of the experiment-realized borophenes exhibit intrinsic metallic properties, providing an ideal platform to explore the transport properties of 2D metals, in addition to 2D semimetals (such as graphene) and 2D semiconductors (such as MoS 2 ). Experimental works have revealed the existence of Dirac cones in β 12 and χ 3 sheets [21] [22] . Moreover, theoretical works have demonstrated a variety of novel properties of borophenes, such as phonon-mediated superconductivity 16, [23] [24] [25] with a critical temperature ~20 K and excellent mechanical behaviors etc. [26] [27] [28] [29] [30] [31] [32] [33] As a 2D elemental metal, the intrinsic electrical resistivity of borophene lies at the heart of the potential application in electronic devices and other boron-based nano-devices in the future. To our knowledge, experimental or theoretical investigations on the electronic transport properties of borophene are still lacking.
In this paper, we investigate the phonon-limited intrinsic electric resistivity of 2D metallic borophenes. Our simulations based on first principles yield intrinsic electric transport properties in these unique 2D metals. We calculate the electron-phonon contribution to the electric resistivity of borophenes as a function of temperatures and carrier densities, with phonon dispersions and electron-phonon couplings calculated within density-functional perturbation theory with very accurate Wannier interpolation. We demonstrate that the intrinsic resistivity of borophene is quite different from semimetallic graphene at low temperatures. The temperaturedependent  e-ph in borophenes is in good line with the Bloch-Grünesisen model. In addition, the resistivity can be highly tuned by charge carriers by applying substrate or external potential. This work not only provides a deep insight into the intrinsic transport properties of a representative 2D metal----borophene, but also provides a physical foundation for future applications of the emerging 2D materials.
Theoretical Methodology
The electron-phonon interaction matrix is computed using density functional perturbation theory as: 
where ( , ) mT  is the Bose-Einstein distribution; e and m e are the charge and the mass of an electron, respectively. See the method part for more technical details. is the largest in the range of 0 K and 600 K, accounting for about 30% of the total  e-ph .
Results and Discussion
Transverse acoustic mode (#2: TA, shown in Figure 2g ) and out-of-plane transverse optical mode (#4: TO, Figure 2j ) with a frequency of 149 cm -1 at  point also play an important role in the phonon-mediated intrinsic resistivity, which are responsible for 20% and 15% of  e-ph , respectively. The relative contributions of different modes are not sensitive to the variation of temperature (from 0 K to 600 K). Therefore, one can argue that low-temperature acoustic phonon modes are the main resources of total  e-ph at low temperatures. However, the contribution of TO phonon mode cannot be ignored even at low temperatures (e.g., room temperature).
Different from  12 borophene, ZA phonon modes (#1 in Figure 2e ,f) of  3 and triangle borophenes contribute a dominant part in the total  e-ph (~73 % and ~70 % for  3 and triangle borophenes, respectively). It is clear that the optical phonon modes take up quite small fractions (~5% for both) of the total  e-ph , which is illustrated in Figure 2b ,c. It is reasonable since a higher excitation energy or much higher temperature is needed to excite the optical phonon modes. The observation that only low-energy phonons are the main contribution of total  e-ph is a direct evidence for the Bloch-Grünesisen behavior in the 2D metals.
For evaluating the intrinsic transport properties of 2D materials, deformation potential approximation proposed by Shockley and Bardeen 47 has been widely used, where only the LA phonons are considered to scatter carriers. The method has been applied to many 2D materials, e.g., graphene and transition metal dichalcogenides. 4, [48] [49] However, our findings strongly suggest the failure of deformation potential theory for calculating electrical transport properties of borophene, since the contribution from ZA or TA mode of borophene is significantly important, similar to the behavior of 2D semimetallic silicene and stanene. 50 To understand the electron-electron (e-e) interactions beyond local density approximation (LDA) in calculating transport properties, we compare the band structures calculated at the level of LDA and GW 51, 52 , respectively, shown in Figure S1 in Supporting Information (SI).
Obviously, the band dispersion of the borophene from LDA is in good line with that incorporating quasi-particle interaction. On the other hand, Park et al. have studied the e-e interactions of graphene at the level of many-body perturbation theory and shown that only the contributions of high-energy optical phonons to the intrinsic resistivity is affected at high temperatures (~500 K) in GW approximation. 6 In metallic borophenes, low-energy acoustic phonon modes are dominant resources of the total  e-ph even at ~600 K, leading to a negligible influence in the intrinsic resistivity of e-e interactions even at the GW level. Consequently, our calculations based on LDA are accurate enough to obtain reasonable results in intrinsic resistivity.
Carrier density is an effective degree of freedom to manipulate electron-phonon interactions in two-dimensional materials. As mentioned earlier, the phonon-limited resistivity of graphene is highly tunable by adjusting carrier density, especially the transition temperature  BG (ranging from 100 K to 1000 K) [5] [6] . We notice that the charge doping effect from the silver substrates to  12 and  3 borophene is reported experimentally [17] [18] [19] [20] [21] In order to obtain a complete picture, we also provide the result of electron doping at the same doping levels. Our data in Figure 3a confirm the modulation in the  e-ph originating from the electron-phonon interactions, despite the changes in  e-ph are relatively lower (1.5 and 1.7
times larger than that of pristine  12 borophene at n = -2.0  10 14 cm -2 and -3.3  10 14 cm -2 , respectively).
To gain a quantitative analysis on the Bloch-Grünesisen behavior in  12 borophenes at different densities n, we fit  e-ph at two distinct regimes (Figure 3b ). The crossover between the two regimes exhibits a small variation, ranging from 75 K to 133 K for different doping densities.
We interpret the data as indicating that the size of Fermi surface in the borophene does not change appreciably when the ultrahigh carrier density is applied, displayed in Figure S2 (see SI).
Despite a complex Fermi surface for  12 borophene, it can be argued that only the electron/hole pocket at the center of the BZ is mainly responsible for the intrinsic transport properties.
Surprisingly, our result reflects that borophene is significantly different from graphene in the carrier-tuned transport behavior. On one hand, the absolute value of  e-ph of borophene is highly sensitive to external carrier densities, while ultrahigh doping level in graphene leads to a quite small variation in  e-ph . On the other hand, the Bloch-Grünesisen transition point  BG is nearly fixed around 100 K with the variation of the carrier densities, while in graphene the BlochGrünesisen temperature changes dramatically, in a large range from 100 K to 1000 K with doping levels of 4  10 14 cm -2 . The fixed Bloch-Grünesisen transition temperature upon doping and atomic structure variations in different phases of borophene suggest that the intrinsic resistivity of borophene follows a rather stable universal scaling behavior with the temperature, for a large temperature range, which is desirable in many nanoelectronic applications.
The mobility () of borophene is another important quantity to understand the transport property of 2D metals. Here, we estimate the  of  12 borophene by the relationship: ,
where is the electric conductivity and N is the carrier density. The carrier density for pristine  12 borophene is estimated as 3.4 × 10 13 cm −2 , based on the proportion between the pocket area at the BZ center and the whole area of Fermi surface. At room temperature, the intrinsic mobility of  12 borophene is estimated as 540 cm 2 /(V*s), which is much smaller than that of graphene ~10 5 cm 2 /(V*s) 53 . For the doped cases, we obtain the carrier densities by linearly dependence on the density of the state around Fermi level. The mobility decreases to ~100 and ~50 cm 2 /(V*s) for n proportion with the assumed free carrier density and the method somewhat overestimates the carrier density. Nevertheless, the significant difference in the carrier-density modified mobility is robust and can be attributed to the modulations of electron-phonon interactions by external doping carriers.
More information comes from the carrier-mediated band structures and phonon dispersions, as shown in The resistivity of borophene is not only very low (on the same order of magnitude as graphene for  12 borophene) but also much easier to be tuned by carrier density while the linear dependence on T can be perfectly preserved for a considerably high doping level around room temperature. Considering it is difficult to tailor the carrier concentration in traditional bulk metals, 2D metallic borophene is an excellent platform for realizing highly carrier-dependent electronic transport devices. The above findings may yield new device applications for borophenes: the high carrier-density sensitivity can be utilized for an external-gate-regulating resistor or a memory resistor (or memristor, in which the resistivity varies with the historical accumulated carrier density) 54 .
We note that the ultrahigh carrier level discussed above is reasonable and can be achieved for 2D systems in experiment, such as by an electrolytic gate or chemical absorption. In graphene, extremely high carrier densities (up to 4.0  10 14 cm -2 for both electrons and holes) can be realized. 15 Indeed, one challenge at this stage to investigate the transport properties lie at that the borophene monolayer is hard to be exfoliated from the metallic substrates due to the relatively strong borophene-substrate interactions 14, [17] [18] . However, with the development of growth methods, we believe a freestanding (exfoliated) borophene will be realized soon in laboratory or experimental experts could find insulating substrates to grow such novel materials to validate the predictions reported above.
Conclusion
To conclude, we employ ab initio calculations to investigate the phonon-limited intrinsic resistivity of borophenes with different polymorphs and carrier densities. Our study reveals the intrinsic resistivity of borophenes follows a linear relationship with T 4 at low temperatures. At high temperatures,  e-ph is linear with T. The resistivity is highly dependent on the polymorphs.
Furthermore, the  e-ph of three borophene polymorphs can be greatly tuned by carrier densities. It is found that a Bloch-Grünesisen behavior with nearly fixed transition temperature is broadly satisfied at different temperatures and carrier densities. Furthermore, it is found that deformation potential approximation fails to describe electrical transport properties of borophene. Based on these findings, one could utilize different doping methods to control the resistivity of boronbased 2D metals, thus facilitating future applications in 2D electronic devices.
Methods
We first use density-functional theory (DFT) and density-functional perturbation theory (DFPT) as implemented in the Quantum-ESPPRESSO package 38 with the local-density approximation (LDA) 39, 40 to compute electronic and vibrational properties including e-ph coupling matrix elements. [41] [42] [43] [44] [45] Each borophene is separated from its periodic replicas by 15.0 Å to ensure that the effect of periodic boundary conditions is negligible. We use a kinetic energy We use "-" to represent electron doping and "+" to indicate hole doping. We can see the doing levels do not change the Fermi surfaces greatly, which explains the small variation of the temperature .
